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ABSTRACT

Hyacinthaceae presently consist of approximately 70 genera and 1000 species. To investigate the monophyly of the
family and the generic relationships. we sequenced the trnl. intron and the trnl-trnF intergenic spacer region of
chloroplast DNA for 105 taxa in Hyacinthaceae and 18 species of related families. By testing different outgroup
compositions, we provide evidence for the monophyly of the family if the North American genera Camassia and
Chlorogalum, which are more closely related to Agave and Hosta, are excluded from Hyacinthaceae sensu Dahlgren.
Several generic implications can be deduced from the analysis, the most prominent one of which is the polyphyletic
origin of the Linnaean genera Scilla. Ornithogalum, and Hyacinthus. Especially members of the genera Scilla and
Hyacinthus are extensively intermixed with each other. According to the DNA sequence data, the only true Scilla
species are found in the Mediterranean region and appear as a monophyletic clade. A tetrapartition of the family into
(1) the monotypic subfamily Oziroéoideae Speta, accommodating the South American Hyacinthaceae: (2) the subfamily
Urgineoideae Speta, housing relatives of the squills: (3) the subfamily Ornithogaloideae Speta, including the tribes
Ornithogaleae Rouy and Dipcadieae Rouy: and (4) the largest and most advanced subfamily. Hyacinthoideae Link.
consisting of the tribe Massonieae Baker (including species from Africa south of the Sahara and from India) and the
Mediterranean/Asian tribe Hyacintheae Dumort.. is proposed. Previously included in Hyacinthaceae sensu Dahlgren.
the North American genera Chlorogalum and Camassia show affinities 10 Agavaceae and Funkiaceae and appear as a
distinet clade together with Anthericaceae. Furthermore, the occurrence of taxa from southern Africa at basal positions

in all subfamilies points to the origin of evolution of the Hyacinthaceae in this region.

For many systematists the bulbous plants repre-
sent the very center of Liliaceae (Cronquist, 1981).
Therefore, it was a big surprise when Dahlgren et al.
(1982, 1985) emphasized that these bulbous plants
are members of two families, the Liliaceae sensu
stricto and the Hyacinthaceae, which moreover be-
long to the different orders Liliales and Asparagales,
respectively. However, the process of arriving at this
systematic decision was not straightforward: The first
circumscription of an independent plant family Hy-
acinthaceae by Batsch (1786) was not widely utilized
by the scientific community. Batsch combined in this
family rather heterogeneous liliaceous plants pOs-
sessing flowers with a fused perianth. Among the 17
genera included within Hyacinthaceae sensu Batsch.
only two (Hyacinthus, Lachenalia) are considered as
belonging to the present circumseription of this plant
family (Speta, 1998a, b). The genera Ornithogalum,
Scilla, and Albuca Batsch placed within Alliaceae.
In 1836 familial status was reduced to tribal level

by Endlicher, who included species irrespective of

the degree of perianth fusion. Interestingly, he also

theae. In his 1866 posthumously published fragment
“The genera of plants,” Salisbury re-evaluated the
Linnaean genera Hyacinthus, Scilla, and Ornitho-
galum and redistributed often new genera into the
families Eucomaceae, Lachenaliaceae, Hyacintha-
ceae, and Ornithogalaceae. Adopting a broader cir-
cumscription of Liliaceae, Baker, who obviously
knew Salisbury’s publication, refused to follow his
ideas although he used tribes for his Liliaceae sensu
lato. Hyacintheae and Scilleae were created in 1870,
followed by Massonieae (1871) and Chlorogaleae
(1873). Genera with floral fusion were placed in Hy-
acintheae, whereas those with more or less free te-
pals were accommodated within Scilleae. Later, En-
gler (1887) would separate bulbous Liliaceae, for
him central to the family, into tribes Lilieae and Scil-
leae but considered these groups to be closely re-
lated. Bowiea and Schizobasis were included within
Eriosperminae (Asphodeloideae—Asphodeleae) by
Engler, whereas Schoenolirion, Chlorogalum, and
Hemiphylacus were coalesced within Chlorogalinae
with Camassia directly related to Scilla (Engler,

included the American genus Camassia in Hyacin- Schulze s1mi-

1887). His student (1893)
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larly concluded that distinctions between Tulipeae
and Scilleae were not morphologically warranted. It
was early this century when Fritsch in Graz, together
with his Ph.D. students, investigated Liliaceae sensu
lato. Not only did their comparative anatomical stud-
1es substantiate the distinction of the Lilioideae into
Tulipeae and Scilleae (Fuchsig, 1911), but they also
arrived at the conclusion that Bowiea is rather 1so-
lated within Asphodeleae (Bouvier, 1915). Based on
these results, Fritsch (1932) proposed the recogni-
tion of several smaller and more homogeneous fam-

ihies rather than keeping the conservative concept of

a large and heterogeneous family Liliaceae.

A more profound contribution to the classification
of Liliaceae was provided by Schnart and students in
Vienna (Schnart, 1929; Wunderlich, 1937: Schmid.
1938; Buchner, 1949), utilizing comparative embry-
ology. Building from them, Krause (1930) elevated
Scilleae and Lilieae tribes to subfamilial status. Wun-
derlich (1937) moreover questioned, based on embry-
ological characters, the retention of obviously different
groups like Lilioideae and Scilloideae in the same
tamily, with Scilloideae further shown as embryolog-
ically heterogenous. Two groups were distinguished:
(1) an Ornithogalum-group consisting of genera Or-
nithogalum, Muscari, and Puschkinia with helobial
endosperm and (2) a second group (Scilla, Hyacin-
thus, Camassia, Galtonia) with nuclear endosperm
and more variation in embryo sac development. Fur-
ther, Schmid (1938) divided Scilloideae on differences
in pistil anatomy and pollen-tube leading tissue: (1)
Albuca, Galtonia; (2) Scilla, Camassia, Ornithogalum,
Hyacinthus, Puschkinia, Muscart; (3) Ledebouria (Dri-
mia in her thesis), Fucomis, and Veltheimia. Later,
Buchner (1949) supported Schmid’s second group em-
bryologically, grouping Ornithogalum, Muscari, and
Puschkinia, then Scilla and Hyacinthus together. The
status of Camassia, Drimiopsis, and Urginea remained
unresolved.

In contrast to other families, Hyacinthaceae
proved to be karyologically variable (as reviewed 1n
Speta, 1998b). Nevertheless, chromosome numbers
are usually constant at the genus level in Hyacin-
thaceae, irrespective of the genus size (Scilla sensu
stricto: x = 9; Muscari: x = 9; Bellevalia: x = 4;
Albuca: x = 9). However, the occurrence of dys-
ploid series again complicated the situation (Pros-
pero: x = 4, 5, 6, 7; Barnardia: x = 8, 9; Hyacin-
thella: x = 9, 10, 11, 12; Stellarioides: x = 2., 3.
4, 5,6, 7,8,9; Schnarfia: x = 9, 10). Nevertheless,
Huber (1969) accepted Wunderlich’s (1937) pro-
posal, independently recognizing Scilloideae as
family Hyacinthaceae. Species were divided ac-
cording to seed characters into tribes Chlorogaleae

(Chlorogalum, Schoenolirion, and probably Hemi-

Pfosser & Speta 853

Phylogenetics of Hyacinthaceae

phylacus), Bowieae (Bowiea, Schizobasis), and Scil-
leae. For tribe Scilleae, Huber (1969) noted Ca-
massta and Ornithogalum to be the basal genera.
Camassia was the most basal genus of the blue-
flowering group and was closely related to Endym-
ton Dumort. [ = Hyacinthoides Medicus] and Scilla.
Puschkinia and Chionodoxa were closely related to
Scilla. Another blue-flowering group includes Hy-
acinthus and Muscari sensu lato with Lachenalia
and Massonia closely related to Hyacinthus. In con-
trast to blue-flowering Scilleae, which all show af-
finities to each other, Scilleae with non-blue flowers
1solate 1nto several groups. Some showed distant
relationship to blue-flowering lines like Lachenalia
and Massonia. For other genera (Drimiopsis, Eu-
comts, and Velthetmia) a more likely relationship to
Ornithogalum was proposed. Close relationship was
drawn between Drimia and Galtonia, Dipcadi and
Pseudogaltonia, Albuca and Urginea (Huber,
1969).

Pollen features can be systematically valuable
but not for Hyacinthaceae. Therefore, Schulze
(1980) was reluctant to recognize the family status
of Hyacinthaceae based on pollen characters. He
only recognized the tribes Scilleae and Massonieae
sensu Huber but did not include Chlorogaleae and
Bowieae 1n Hyacinthaceae. Tribes Chlorogaleae
and Bowieae were later included within Antheri-
caceae (Schulze, 1982).

As reviewed here, traditional methodologies have
not resolved subfamilial relationships within Hy-
acinthaceae. Certain characters like perianth fea-
tures are clearly non-informative. For example,
Chionodoxa with its fused tepals was shown to be
closely related with generitype Scilla bifolia L..
which has more or less free tepals. Chionodoxa was
therefore synonymized under Scilla (Speta, 1971,
1976).

Splitting of the large Linnaean genus Hyacinthus
into a series of more homogeneous genera is now
widely accepted. Conversely, the distribution of
species of the Linnaean genus Scilla into distinct
genera has not achieved a broad consensus. The
broad circumscription of the genus Scilla by Lin-
naeus (1753), a name that was previously exclu-
sively reserved for the squills, apparently had an
adverse effect on the necessary dissection of this
genus 1nto more natural genera. Consequently, a
new name had to be found for the relationship of
the squills. In fact, a whole squill subtamily (Ur-
gineoideae) 1s encapsulated within an obviously
heterogeneous Squilla and an equally heteroge-
neous genus Drimia (Jessop, 1977; Stearn, 1978

Stedje, 1987). Only Jessop (1970) acknowledged an
independent genus Ledebouria within African/In-
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dian Scilla sensu lato. This was later substantiated
by molecular data (Stedje, 1998), whereas other
Scilla sensu lato relationships remained untouched.

The Hyacinthaceae have been long recalcitrant
to a natural classification into subfamilies and
tribes. One reason is the classification of most spe-
cies into three highly heterogeneous genera, Scilla,
Hyacinthus, and Ornithogalum, by Linnaeus. Ef-
forts to find characters to discriminate at higher
hierarchical levels within Hyacinthaceae have re-
vealed the obsoleteness of most characters, which
otherwise have been shown to be useful for clas-
sification in other families. Characters useful at
higher taxonomic levels in other families often re-
veal a high vanability among closely related spe-
cies within Hyacinthaceae. For example, the type
of the embryo sac or endosperm can be variable
even within closely related species of Scilla sensu
stricto (Svoma, 1981) or Prospero (Ebert, 1993).
Likewise, chromosome numbers can be constant
within certain genera but highly variable in other
genera, resulting in aneuploid series difficult to in-
terpret. Pollen grains of many genera in Hyacin-
thaceae do not show significantly different mor-
phologies and are only of limited taxonomic value
(Schulze, 1980). Chromosome counts and morphol-
ogy have been phylogenetically useful at the spe-
cies level but higher-order taxa remain problematic
(Speta, 1979). Improvement of cytological tech-
niques DNA

(chromosome banding, nuclear

amounts, etc.) has aided in the advancement of

classification at species level but contributes little
to higher-level systematics.

Chemotaxonomic features have been shown to be
useful to distinguish genera within Hyacinthaceae
and to group them at higher hierarchical levels. Car-
diac-active steroids occur in several genera. One
group, the bufadienolids, have been found only in
species clearly related to Charybdis maritima (L.)
Speta (Krenn, 1990, 1994) and thus delineate the
subfamily Urgineoideae. A second group of cardiac-
active compounds, cardenolids, have been found in
several allies to Ornithogalum (subfamily Ornitho-
galoideae). However, investigation of species within
Ornithogaloideae is not yet completed, and several
members lack these compounds. It cannot be ex-
cluded therefore, that this subfamily may still con-
tain additional characteristic compounds. Zaharia-
dia saundersiae (Baker) Speta and Eliokarmos
thyrsoides (Jacq.) Raf. are characterized by cholestan
steroids (Kubo et al., 1992a, b). Furthermore, most
species in Ornithogalum and allies exhibit protein
crystals in their nuclei, a feature absent from other
Hyacinthaceae (Speta, unpublished). An unrelated
group of phenolic compounds (homoisoflavanoles)

(Heller & Tamm, 1981) discriminate a third group
of genera (subfamily Hyacinthoideae) from Urginea-
and Ornithogalum-athined taxa. Interesting in this
respect are serological investigations placing North
American Camassia near Agavaceae (Cupov & Ku-
havina, 1981), although they alternatively could be
included in Hyacinthaceae due to chemotaxonomic
and karyological features. An independent family
Camassiaceae, sister to Agavaceae and Hesperocal-
lidaceae, has even been proposed (Cupov, 1994).
When Fay and Chase (1996) circumscribed the new
family Themidaceae, they also sequenced the rbeL
locus of a few genera in Hyacinthaceae. Again, Ca-
massta and Chlorogalum showed athnities to Aga-
vaceae.

At present the Hyacinthaceae accommodate ap-
proximately 1000 species distributed into roughly
[0 genera (Speta, 1998a, 1998b). To evaluate ge-
neric relationships within the family Hyacintha-
ceae, we sequenced the trnL-intron and the inter-
genic spacer (IGS) between the trnL.-(UAA)-3"-exon
and trnk-(GAA) chloroplast gene, two DNA regions
where sequence divergence is useful to resolve ge-
neric and subgeneric relationships (Fangan et al.,
1994; Stedje, 1998). In total, we sequenced 123
accessions comprising 105 species and 51 genera
of Hyacinthaceae, as well as four accessions of
North American Camassia and Chlorogalum spe-
cies, and 14 selected outgroup species from the
lilioid families Agavaceae, Amaryllidaceae, An-
thericaceae, Blandfordiaceae, Doryanthaceae, Fun-
kiaceae, Hemerocallidaceae, Lomandraceae, and
Nolinaceae. Furthermore, we included DNA se-
quence data from 12 published species of Hyacin-
thaceae, as well as unpublished sequences of 11
outgroup species, 1n our analysis. We interpret our
results with reference to well-established morpho-
logical and cytogenetic data. From this phyloge-
netic perspective, we discuss the generic limita-
Hyacinthaceae as well as the

tions within

monophyly of most genera as recognized by Speta

(1998a, b).

MATERIALS AND METHODS
PLANT MATERIAL AND DNA EXTRACTION

Genetic accessions and herbarium vouchers of
all plant materials are listed in Appendix 1. No-
menclature of taxa included in the study follows
that of Speta (1998a, b).

DNA was extracted from 5-50 mg of plant ma-
terial obtained either from fresh leaves or bulb
scales or from herbarium specimens (Whiteheadia
etestonamibensis Miiller-Doblies, Zagrosia persica
(Hausskn.) Speta acc. 1, Scilla cf. bulgarica Speta,
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and Urginavia micrantha (A. Rich.) Speta) tollow-
ing the single tube isolation protocol of Steiner et
al. (1995) with minor modifications. Lyophilized
and powdered material was extracted with 400 pl
ROSE bufter (10 mM Trnis-HCI pH 8.0; 312.5 mM
EDTA, pH 8.0; 1% sodium lauryl sarkosyl; and 1%
polyvinylpolypyrrolidone) at 90°C for 10 minutes.
After centrifugation, 10 pl of the supernatant were
diluted 100-fold with TE bufter pH 8.0 and stored
at 4°C. Two pl of the diluted DNA were used as a

template in a 50 pl PCR reaction.

DNA AMPLIFICATION

Two noncoding regions of the chloroplast genome
were sequenced. The trnL(UAA)-intron and the in-
tergenic spacer (IGS) between trnL-(UAA)-3'-1n-
tron and trnF-(GAA) gene were amplified together
in a single PCR reaction using the C- and F-prim-
ers as published by Fangan et al. (1994). The ther-
mal cycling protocol comprised 30 cycles of 10 sec
at 94°C, 10 sec at 45°C, and 20 sec at 72°C in a
TouchDown thermal cycler (HYBAID), operated in

tube-control mode. Amplified, double-stranded
DNA fragments were purified using the Wizard
DNA purification system from Promega.

DNA SEQUENCING

Purified PCR products were directly sequenced
on an A.L.F. automated sequencer (Pharmacia) us-
ing 5'-fluorescein-labeled nested primers (two

primers 5 -CTACGGACTTAATTGGATTGAGC-3'
and 5'-GGGGATAGAGGGACTTGAAC-3’ for the
trnL-intron and two primers 5'-GGTTCAAGTCCC-

TCTATCCC-3" and 5'-AGGATTTTCAGTCCTCT-

GCTC-3" for the intergenic spacer) following the
cycle sequencing protocol of the manufacturer
(AutoCycle sequencing kit, Pharmacia). Both
strands were sequenced, and in cases where am-
biguities could not be resolved by comparison with
the sequence of the complementary strand, addi-
tional PCR reactions were performed to generate
new templates for sequencing. Ambiguities result-
ing from compressions were resolved by using the
Thermo Sequenase fluorescent labeled primer cycle
sequencing kit with 7-deaza-dGTP (Amersham).

DATA ANALYSIS

Sequence manipulations and phylogenetic analy-
ses were performed on a Digital Alpha 1000A 5/
400 server under the operating system Digital Unix
V.4.0D. DNA sequences were prealigned by using
the PileUp program of the GCG software Package
(Genetics Computer Group, 1994). Final alignment
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of DNA sequences was done by eye. Aspidistra ela-
ttor was designated as the outgroup in phylogenetic
reconstructions using test version 4.0d64 of PAUP*
written by David L. Swofford. Using the gapcode =
missing parameter the data matrix was subjected to
1000 replicates of random sequence additions us-
ing tree bisection-reconnection (TBR) branch-
swapping under the Fitch criterion (unordered
states and equal weights: Fitch, 1971). At each step
only ten trees were permitted to be held to mini-
mize the time the algorithms spent for searching for
trees on sub-optimal islands.

Successive weighting was applied and new heu-
ristic searches were performed using the trees of
the previous analysis as starting trees until tree
lengths remained the same 1n two successive
rounds. Finally, 10,000 fast bootstrap (Felsenstein,
1985) replicates, as well as 10,000 replicates using
the jackknife algorithm, were performed to assess
confidence limits for tree topology using the final
welght set from successive weighting. During all
analyses the maximum number of trees in memory
was limited to 10,000. Indels in the data matrix
were coded as additional characters, and tree
searches were performed using the nucleotide data
alone or together with the indel data. Tree manip-
ulations were performed using MacClade version

3.06 (Maddison & Maddison, 1992).

The DNA sequence data consisting of the trnL
intron and the trnlL-trnF intergenic spacer have
been deposited in the EMBL data library (accession
numbers, see Appendix 1). An aligned DNA matrix
is available via electronic mail from MP upon re-

quest (email: martin@gem.univie.ac.at).

RESULTS

SEQUENCE VARIATION OF TRNL-INTRON AND TRNL-TRNF
[GS REGIONS

In total, the combined and aligned intron+I1GS
sequences yielded 1297 characters with 452 par-
simony-informative positions. Thirty indels, which
mainly consisted of simple 4—5-bp-long sequence
repeats and thus were easy to align, were coded
and added to the data matrix. The lengths of the
intron sequences varied between 515 and 592 nu-
cleotides except for Eliokarmos graminifolius
(Thunb.) Speta, which shows a large deletion in this
region and therefore only contains 273 nucleotides,
as well as the Anthericum and Leucocrinum se-
quences, which are likewise shorter (472—480 nt).
The lengths of the IGS sequences ranged from 342
to 408 nucleotides with the exception of Eustrephus
latifolius (265 nt), Thysanotus virgatus Brittan (324
nt), Leucocrinum montanum (267 nt), Anthericum
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(296-299 nt), Chlorogalum (306 nt), Albuca nel-
soniit N. E. Br. (247 nt), Whiteheadia etesionami-
bensts Miiller-Doblies (268 nt), Hyacinthella (271
nt), and Pfosseria bithynica (Boiss.) Speta (282 nt),
which again exhibit deletions in this region. From
nucleotide position 433 to 480 within the intron, a
hypervariable AT-rich region occurred, evolving
presumably from a di-nucleotide microsatellite. A
similar hypervariable poly-T microsatellite was also
found in the IGS region from nucleotide position
827 to 835. Since in both cases 1t was dithcult to
find unequivocal alignments, and different align-
ments in these regions always resulted in high ho-
moplasy indices, both regions have been excluded
from phylogenetic analyses.

PHY LOGENETIC ANALYSIS

Cladistic analysis of the combined nucleotide
plus indel data set yielded more than 10,000 equal-

ly parsimonious trees of 1415 steps with a CI of

0.597 and RI of 0.862. Examination of approxi-

mately 50 randomly chosen trees revealed only mi-
nor differences in the placement of closely related
taxa among different trees. One of the most parsi-
monious trees calculated from the combined nucle-
otide-indel data set 1s presented in Figures 1 and
2. Percent support from bootstrap analysis is shown
above each branch. Statistical support for branch-
ing information using the jackknife procedure is
indicated graphically by marking strongly support-
ed clades (node score > 0.63) with closed circles
and moderately supported clades (node score <
0.63 but > 0.5) with open circles. Phylogenetic
analysis of the same data set but excluding indel
data resulted in similar tree topology with only mi-
nor changes in bootstrap values (data not shown).
Trees constructed using distance matrix analysis
using neighbor joining did not deviate significantly
from parsimony analysis but showed the tendency
to misplace taxa with larger deletions in their se-
quences (data not shown).

RELATIONSHIPS

The ingroup relationships of all species repre-
senting Hyacinthaceae analyzed in this study are

depicted in Figure 1, whereas the second part of

the tree presenting the outgroup relationships is
shown in Figure 2. There 1s a strong bootstrap sup-
port (100%) tor the monophyly of the family, if the
North American genera Camassia and Chlorogalum
are excluded from Hyacinthaceae, but the mono-
typic South American genus Oziroé Raf. 1s includ-
ed. Monophyly of most genera is also supported by
bootstrap values: Fessia (76%), Prospero (87%),

Hyacinthella (94%), Scilla (99%), Muscart (97%),
Bellevalia (100%), Hyacinthoides (99%), Tractema
(96%), Oncostema (100%), Autonoé (100%), Dri-
miopsis (84%), Ornithogalum (53%), Albuca (72%),
Dipcadi (98%), Charybdis (<50%), Rhadamanthus
(92%), Oziroé (100%). No single most recent an-
cestor for all analyzed species of the genera Lede-
bouria, Lachenalia, Merwilla, Eliokarmos, Galtonia,
Stellarioides, and Urginavia can be found. The re-
maining genera are represented by a single species
only, and therefore no information about the generic
delineations can be deduced from the sequence
data.

The classification of the Hyacinthaceae into the
subfamilies Hyacinthoideae, Ornithogaloideae, Ur-
gineoideae, and Oziroéoideae based on chemotax-
onomic characters according to Speta (1998a, b) is
also reflected in the cladogram. The monotypic
South American subfamily Oziroéoideae Speta 1s
the basal group (100%), followed by the Urgineo-
ideae Speta (100%), a group of species that con-
tains bufadienolids, the Ornithogaloideae Speta
(100%), which are characterized by cardenolids
and/or the presence of protein crystals in the nu-
cleus, and the less strongly supported clade of Hy-
acinthoideae Link (56%), a group of species that
contains phenolic substances (homoisoflavanoles).

In addition to the classification in four subfam-
1lies, a further species distribution of the subfami-
lies Hyacinthoideae and Ornithogaloideae into
tribes 1s reflected in the cladogram. Within Hy-
acinthoideae two clearly separated branches are
formed (Figs. 1, 3). The basal branch combines all
Indian and African genera south of the Sahara and
coincides with the delineation of the tribe Masson-
ieae Baker (67%). The second and more advanced
monophyletic clade includes the Mediterranean
and Asian genera [= tribe Hyacintheae Dumort.]
and 1s also supported by bootstrap values (78%).
Sister to the Hyacinthoideae is the subfamily Or-
nithogaloideae, which can be further divided into
the tribes Dipcadieae Rouy and Ornithogaleae
Rouy. However, the relationships are less pro-
nounced in the gene trees (Figs. 1, 4). The Dip-
cadieae comprise the genera Pseudogaltonia, Dip-
cadi, Galtonia, Stellarioides, and Albuca and appear
paraphyletic in the analysis, whereas the remain-
ing, mainly Mediterranean genera belong to the
tribe Ornithogaleae. If South African Zahariadia,
which shows affinities to members of Galtonia, is
excluded from Ornithogaleae, monophyly in this
tribe 1s strongly supported (97%).

The most basal and isolated position in Hyacin-
theae 1s occupied by Barnardia, a genus with a
huge geographical distribution ranging from North



Volume 86, Number 4
1999

Pfosser & Speta 857

Phylogenetics of Hyacinthaceae

Africa to Japan (Fig. 1). The adjacent clade with
Brimeura, Oncostema, Tractema, Autonoé, and Hy-
acinthotdes 1s sister to a more advanced clade con-
taining the Scilla and Hyacinthus alliances. Within
Hyacinthoides, a division into subgenus Somera
(Salisb.) Speta consisting of H. italica (L.) Rothm.,
H. lingulata (Poir.) Rothm., and H. aristidis (Coss.)
Rothm. (94%) and subgenus Hyacinthoides con-
sisting of H. nonscripta (L.) Chouard ex Rothm., H.
hispanica (Mill.) Rothm., H. vincentina (Hoftmanns.
& Link) Rothm., and H. reverchonit (Degen & Her-
vier) Speta (85%) 1s visible (Fig. 3). These two sub-
genera are characterized by differences in flower
morphology, consisting either of a stellate or a cam-
panulate perianth, respectively (Speta, 1987). Fur-
thermore, a well-supported clade with Hyacinthella,
Prospero, Puschkinia, Othocallis, Pfosseria, Hyacin-
thus, Fessia, and Zagrosia (95%) and a clade with
Chouardia, Nectaroscilla, Schnarfia, Muscari, Bel-
levalia, and Scilla (84%) are resolved (Fig. 1).
There i1s no bootstrap support for a genus Chiono-
doxa. On the contrary, members of this obsolete
genus (S. nana (J. A. & J. H. Schultes) Speta, S.
siehet (Stapf) Speta, S. albescens Speta) are inter-
mixed with species of Scilla (Fig. 1).

Within Massonieae, a close relationship between
Drimiopsis and Ledebouria i1s evident (100% boot-
strap support), as well as a relationship between
Lachenalia and Polyxena (100%). However, both
Ledebouria and Lachenalia are genera with huge
numbers of species, the examination of which still
can lead to further differentiation.

Sister to Hyacinthoideae 1s a clade combining
members of the subfamily Ornithogaloideae (Fig.
4). Basal in Ornithogaloideae are members of the
tribe Dipcadieae, which accommodates mainly
South African genera (Galtonia, Albuca, Stellarioi-
des, Pseudogaltonia, Dipcadi). Interestingly, Gal-
tonia candicans (Baker) Decne. groups with Stel-
larioides and Albuca (86%), whereas G. wviridiflora
Verdoorn and G. princeps (Baker) Decne. are com-
bined in one clade with Zahariadia (98%) (Fig. 1).
Basal in the tribe Ornithogaleae are African species
(Eliokarmos) followed by the Mediterranean genera
Melomphis and Cathissa, whereas the remaining
Mediterranean species are clearly separated (97%)
and occur at a more advanced position (e.g., Lon-
comelos, Honorius, and the Ornithogalum umbel-
[atum L. and affines).

The next major clade contains species belonging
to the subfamily Urgineoideae (Fig. 1). Clearly in-
cluded in Urgineoideae is the rather peculiar genus
Bowiea (100%), which lacks leaves as an adult
plant except for the bulb scales, and assimilates

energy by an intricately branched inflorescence. In

this subfamily the basal positions are again occu-
pied by genera from South Africa and Madagascar
(Bowiea, Rhadamanthus, Thuranthos, Ebertia, Ur-
ginavia, Karoophila), and are sister to a clade com-
bining the Mediterranean genera Urginea and Cha-
rybdis (100%).

Sister to all Old World Hyacinthaceae 1s the
South American subfamily Oziroéoideae, with the
only genus Oziroé |= Fortunatia Macbr.| (Fig. 1).

Clearly distinct from Hyacinthaceae are the
North American bulbous genera Chlorogalum and
Camassia, which form a monophyletic clade (97%)
(Figs. 2, 5). Instead, these genera show atfinities to
the North American family Agavaceae, the East
Asian Funkiaceae, and Anthericaceae, which show
a worldwide distribution even in the narrow circum-
scription of Conran (1998a) but with major centers
of diversity in Africa, Southeast Asia, and Central
and South America. Between this Chlorogalum—
Camassia clade and Hyacinthaceae, the family
Themidaceae, which i1s endemic to North America.
is inserted, although this tree topology i1s not sup-
ported by bootstrap values. More distantly related
to Hyacinthaceae are members of the Australian
families Lomandraceae, Doryanthaceae, Blandfor-
diaceae, members of the Asian family Hemerocal-
lidaceae., and of the African, South American, and
Laurasian family Amaryllidaceae. Interestingly,
trnl. and trnF sequence data place Blandfordiaceae
and Doryanthaceae (100%) in close association
(Fig. 2). More distantly related are other asparagoid
Lilianae like the Laurasian family Convallariaceae,
and the North American Nolinaceae. A possible re-
lationship to Alliaceae could not be evaluated since
their sequences are too divergent due to extensive
deletions and rearrangements in the trnlL and trnk
region (data not considered here).

DISCUSSION

Phylogenetic analysis of about 53 genera in Hy-
acinthaceae and 24 outgroup genera (including Ca-
massia and Chlorogalum) provides additional data
to readdress several critical systematic questions of
this controversial plant family.

Scilla clade. Our data strongly support a nar-
row concept of the genus Scilla, as already evident
from karyological and morphological data (Speta,
1979, 1986, 1987, 1998a, b). According to our se-
quence data, the only true Scilla species are tound
in the European and Southwest Asian Mediterra-
nean region, and no direct relatives exist in Africa
south of the Sahara (Speta, 1998a). Inclusion of se-
quence data of the species S. lazulina Wild and S.
nervosa Burch. in a recently published study on
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sub-Saharan Scilla relationships (Stedje, 1998)
clearly supports this view. Both species group with-
in the Massonieae clade and show no relationship
to Scilla sensu stricto and therefore have been
named Merwilla lazulina (Wild) Speta and Schizo-
carphus nervosus (Burch.) Speta, respectively (Spe-

ta, 1998a). Although Chionodoxa can be easily dis-

criminated from Scilla due to the basal fusion of

the tepals and a broadening of the filaments, these
morphological characters are overestimated as use-
ful phylogenetic markers. Instead, in phylogenetic
reconstructions this character appears to be para-
phyletic and seems to have evolved 1n several lines
within the family. Moreover, Chionodoxa species
can give rise to hybrids when crossed with mem-
bers of the Scilla bifolia L. complex. It has been
proposed to include them in Scilla, whereas Pu-
schkinia, similar to Chionodoxa in habit, evidently
has other atfimties (Speta, 1971, 1976). DNA se-
quence data place Puschkinia in a clade with Hy-
acinthella, Prospero, Othocallis, Pfosseria, Hyacin-
thus, Zagrosia, and Fessia, clearly different from
the Scilla relationship (95%) (Fig. 1). However, the
phylogenetic signal within the Scilla clade 1s not
very strong. Branch lengths differ in only 1 to 4
steps in this clade (Fig. 3). The two accessions of
S. cydonia Speta even have exactly the same DNA
sequences, although they are collected from geo-
graphically distant regions (Crete and Karpathos).
Re-examination of this relationship with additional
molecular data sets could increase the resolution 1n
this clade.

The genus Muscari 1s monophyletic and repre-
sents an example of how in Hyacinthaceae even
karyotype differences can be overestimated (Gar-
bari & Greuter, 1970). Monophyly in this clade
could support the idea of a broader genus concept
in Muscart (Speta, 1982, 1989) instead of dividing
this genus into the genera Muscari, Leopoldia, and
Muscarimia, represented in our analysis by Muscari
botryoides (L.) Mill., M. comosum (L.) Mill., and M.
macrocarpum Sweet, respectively (Fig. 1). Whereas
Garbari recognized these genera as distinct from
each other due to karyotypic differences, Speta
(1982, 1989), Bentzer (1973), and Davis and Stuart
(1984) found transitions in character expression be-
tween different species and therefore suggested
they be treated only as subgenera.

(._

Figure |.
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Fessia clade. Similarities in the karyotypes of
Chouardia Speta [= Scilla litardierei Breistr.] and
Hyacinthella as well as morphologies (locules with
two ovules side by side, terete scape, dense raceme)
have led to the speculation of a closer relationship
(Speta, 1981). However, Persson and Wendelbo
(1982) supported the view that the similarity in the
karyotypes 1s probably only secondary, constituting
a case of convergent evolution within the Scilla sen-
su lato lineage as well as the lineage to present
Hyacinthella species. In our analysis, Hyacinthella
clearly belongs to the clade Fessia—Zagrosia—HYy-

acinthus—Pfosseria—Othocallis—Puschkinia—Pros-

pero (95%), and not to the Scilla relationship (Fig.

1). However, the relative position of Hyacinthella
within this clade i1s not stable due to a basal po-
lytomy 1n this group (Fig. 3). Unfortunately, Alra-
wia, a genus that could show athnities to Hyacin-
thella and therefore could shed light on this
relationship, was not available for this study. The
IGS sequences of the two Hyacinthella species con-
tain a characteristic 5 bp deletion, which they share
with Oziroéoideae, Ornithogaloideae, the African
genera FEucomis, Veltheimia, and the Lachenalia/
Polyxena clade: this may suggest the motif repre-
sents an ancient element. The existence of ancient
elements in DNA sequences of species belonging
to different groups sometimes results in weakly
supported tree topologies. This is also the case with
the position of Hyacinthella, which in some trees
showed a different position within this clade (data
not shown). Although the habit of problematic Pu-
schkinia closely resembles that of Scilla bifolia,
phylogenetic reconstructions position it clearly dis-
tinct from Scilla sensu stricto. Additionally, a suite
of morphological characters also clearly separates
Puschkinia from Scilla. The corolla and corona, the
Fessia-like ovary, seeds with a sarcotesta, bulbs
with vaginate scales, and chromosome number (2n
= 10) are all characters discriminating Puschkinia
from Scilla. A similar chromosome number in Fes-
sta (2n = 10) suggests a possible relationship, but
Greilhuber and Speta (1976) demonstrated karyo-
logical differences. A closer relationship with Mus-
cart (Wunderlich, 1937) 1s retuted by our DNA se-
quence data. In Fessia, two species complexes have
been proposed: (1) the S. hohenackert group and (2)
the S. bisotunensis relationship (Speta, 1981). Sev-

One of the most parsimonious successively weighted trees showing the relationships within Hyacinthaceae.

Bootstrap percentages are indicated above the branches. Subfamilial and tribal limits sensu Speta (1998a. b) are
indicated on the right border. Nodes strongly supported by the jackknife algorithm (node score > 0.63) are indicated
by solid circles. Open circles indicate nodes that are weakly supported (node score > 0.5 but < 0.63).
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eral character anomalies exist such as hypogeous
cotyledons in F. greilhuberi (Speta) Speta but epi-
geous ones 1n all other species examined, or a kar-
yotype 1n F. gorganica (Speta) Speta of 2n = 18
rather than the typical 2n = 10: these warrant fur-

ther research in this clade. The close nesting of

Zagrosia and Hyacinthus is particularly unexpect-
ed. DNA sequence data of two other Hyacinthus
species, H. litwinowti E. Czern. and H. transcaspi-
cus Litw. from Turkmenistan and northeast Iran, re-
spectively, could address the position of Hyacinthus
in this clade. Similarities in the karyotypes of Za-
grosta and Bellevalia (large chromosomes; x = 4;
Speta, 1974, 1981: 169) suggest a possible rela-
tionship, but no indication of such emerges from
the molecular data. The strong separation of Oth-
ocallis and Scilla sensu stricto 1s somewhat sur-
prising, indicating that morphological and karyo-
logical differences may have been underestimated
so far.

Hyacinthoides clade. Morphological and kary-
ological evidence do not support a relationship be-
tween Autonoé and Hyacinthoides as suggested by
their close association in the cladogram (Figs. 1,
3). Although combined in a separate branch in the
molecular analysis, there is no bootstrap support for

a possible direct relationship (Fig. 1). Basal to this
clade 1s a cluster with Brimeura, Oncostema, and
Tractema, a relationship already suggested on mor-
phological and karyological grounds (Speta, 1987).
Although bootstrap support for this relationship 1s
not very high, closer athinity 1s likely, since trees
constructed from matK sequences directly connect
Brimeura with Tractema (Pfosser, unpublished
data). Tree topology clearly corroborates the divi-
sion of Hyacinthoides into subgenera Somera and
Hyacinthoides, a position not shared by Ortiz and
Rodriguez-Oubiiia (1996).

As 1n Hyacinthella, Barnardia, the most basal
member of Hyacinthoideae, also contains sequence
elements shared by different groups like Lachena-
lia, Polyxena, and Dipcadi, again indicating an an-
cient ongin for Barnardia. Evidence relating Bar-
nardia to Prospero Speta (1986, 1993) is based on
the dysploid series of chromosome numbers (Pros-
pero, x = 4, 5, 6, 7, and Barnardia, x = 8, 9), and
that both are autumn-flowering genera with similar
habit. This relationship is not supported by the mo-
lecular data.

Massonieae clade. All South African genera
cluster together in tribe Massonieae. This is sur-
prising since they appear morphologically hetero-
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geneous when considering FEucomus, Veltheimia,
Lachenalia, Ledebouria, and Merwilla. It would be
interesting to more thoroughly investigate the gen-
era Lachenalia and Polyxena. Lachenalia with al-
most 100 species was split into several genera by
Salisbury (1866). Although only three species were
analyzed by us, our data at least suggest that there
might be enough variability to warrant further split-
ting of this genus. If the generic status of Polyxena
is maintained, then at least two relationships are
indicated: the Lachenalia namibiensis W. F. Barker

and the L. aloides (L. t.) Engl./L. pallida Aiton re-

lationships. In contrast to our evidence for close
relationship between Lachenalia and Polyxena,
Miiller-Doblies and Miiller-Doblies (1997) placed
these two genera in the different subtribes Lach-
enaliinae and Massoniinae, respectively. In their
classification, Lachenalia and Velthetimia belong to
the subtribe Lachenaliinae, whereas Whiteheadia,
which In our analysis inserts between these two
genera, belongs to subtribe Massoniinae. A close
relationship between Ledebouria and Drimiopsis [ =

subtribe Ledebouriinae sensu U. & D. Miiller-Dob-
lies] 1s supported by our molecular data (100%



862 Annals of the
Missouri Botanical Garden

HYACINTHOIDEAE

5 1 , Ornithogalum umbellatum

3 Omithogalum angustifolium
Ormnit lum pannonicum
—— Ormithogalum amphibolum
Ornithogalum wiedemannii

Ornithogalum montanum
= Ornithogalum pascheanum
Omithogalum fimbnatum
2 . Omithogalum gussonei acc. 2

Ornithogalum gussonei acc. 1
1 Honorius prasandrus
Loncomelos brachystylus
1] | 2 = Melomphis arabica

6 Eliokarmos thyrsoides
Cathissa concinna
10 Eliokarmos bolusianus
Eliokarmos graminifolius

; Zahariadia saundersiae
. 2 Galtonia princeps

= Galtonia viridiflora
Dipcadi serotinum acc. 1

4 Dipcadi serotinum acc. 2
- Dipcadi fulvum
Dipcadi viride
7 21 Pseudogaltonia clavata
q Stellarioides ecklonii
Stellarioides longebracteata

< Stellarioides tenuifolia

5 Albuca sp.

7 Albuca nelsonii | .
- Stellarioides etesiogaripensis
Galtonia candicans )
6 Charybdis hesperia
9 = Charybdis maritima
Charybdis aff. numidica

Urginea undulata

Karoophila bolusii

5 2_gUrginavia micrantha
, Urginavia sp.
Drimia elata
2 Urginea sp. sensu lato

Urginavia altissima
l 3 Rhadamanthus sp. 1
Rhadamanthus sp. 2
17 12 Ebertia nana

Thuranthos indicum sensu lato
Bowiea volubilis

1
1

GY Oziroe sp.
Oziroe biflora

OUTGROUP

Figure 4. Phylogram showing the relationships within the subfamilies Ornithogaloideae, Urgineoideae, and Oziroéo-
ideae. Fitch branch lengths are indicated above the branches. For bootstrap percentages compare with Figure 1.

10 steps

6 HYACINTHOIDEAE

: ORNITHOGALOIDEAE
URGINEOIDEAE

: OZIROEOIDEAE

14

6 Dichelostemma pulchellum
26 Brodiaea jolonensis
9 4 Bessera elegans

Milla magnifica
2y Chlorogalum palmatum
6 Chlorogalum pomeridianum
2 2 mm Camassia cusickii =~
4 Camassia leichtlinii
Aqave victoriae-regiae
10 16 Hosta fortunei N
5 Anthericum liliago

14 Anthericum ramosum

Leucocrinum montanum
18 Doryanthes excelsa |
11 Blandfordia nobilis
37 57 Hemerocallis lilioasphodelus
15 . . Hemerocallis minor
12 11 nnum jagus
nnum unculatum
arcissus tazetta
14 Arthropodium sp.
29 Arthropodium milleflorum
8 Eustrephus latifolius
. Thysanotus virgatus
4 A = Pe:.ots;argtr}'es Sp.
irope pla a
/ Calibanus hookeri
7 Polygonatum hookeri

. Disporopsis pernyi
Aspidistra elatior 4 | —— '

Figure 5. Phylogram showing the outgroup relationships. Fitch branch lengths are indicated above the branches. For
bootstrap percentages compare with Figure 2.



Volume 86, Number 4
1999

bootstrap support in Fig. 1). However, Resnova, a
third genus included in Ledebouriinae, was not
available for sequencing. How far the generic com-
binations of Jessop (1975) within Massonieae are
paralleled by molecular data remains to be seen,
especially since Polyxena and Lachenalia are in
close neighborhood 1n our analysis. Daubenya, An-
drosiphon, and Amphisiphon share many characters
with Whiteheadia and therefore would no doubt in-
sert in the same branch. However, their individual
positions as distinct genera should probably be re-
evaluated since various prominent features of co-
rolla and filaments might have been overestimated
so far. Stedje (1998) published a study examining
the relationships of sub-Saharan Scilla sensu lato
species, which revealed a close relationship be-
tween Ledebouria and Drimiopsis, whereas the ge-
neric status of other members of Scilla sensu lato
was not resolved. Inclusion of her DNA sequence
data in our analysis clearly demonstrated a close
relationship of the South African species to Lede-
bouria and Drimiopsis, but no athnity to the Med-
iterranean species.

Less clear are the generic relationships within
the two major branches consisting of the subfami-
lies Ornithogaloideae and Urgineoideae.

Ornithogaloideae clade. The old Linnaean ge-
nus Ornithogalum, a heterogeneous assemblage of
numerous species, represents a big taxonomic prob-
lem and still awaits its distribution into more nat-
ural genera. This unsatistactory situation may part-
ly inflate the analysis, since taxon sampling in
Ornithogaloideae is less complete than in Hyacin-
thoideae. Nevertheless, the 30 species investigated
in this study form a monophyletic group (100%
bootstrap support in Fig. 1). Taxon sampling should
be further increased as soon as a clearer view of
this large genus is available. One distinct branch,
combining Stellarioides and Albuca, one with Dip-
cadi and Pseudogaltonia, and one with the rest of
the subfamily are visible (Fig. 1). In the phylogram,
a polytomy 1s indicated with these three clades aris-
ing from a single node (Fig. 4). Within Ormithoga-
leae, Cathissa from the southwest Mediterranean
and Eliokarmos from South Africa appear as basal
genera, while the generitype O. umbellatum L. oc-
cupies a rather derived position (Fig. 4). Based on
DNA sequence data, a proposed relationship be-
tween the Ornithogalum longebracteatum Jacq.
group [= Stellarioides] and Ornithogalum subg.
Beryllis [= Loncomelos] (Baker, 1873) can be clear-
ly refuted. The first group of species is in close
vicinity to Albuca and belongs to Stellarioides. Orig-
inally included under Ornithogalum, a closer re-
lationship of this genus with Albuca was noticed by
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Obermeyer (1978). Once again, only a few indica-
tions of a direct relationship between Mediterra-
nean and South African genera are recognizable.
Similar to the Scilla clade, only short branches sep-
arate Ornithogalum species from each other. Again,
molecular data sets with higher variability could
probably increase the resolution within this Ornith-
ogalum clade. Preliminary trnL and trnF sequence
data of the Ornithogalum montanum Ten. sensu
lato relationship does suggest that sequence varia-
tion in this region may sufhice to describe different
geographical races as they occur in the Aegean re-
gion (Pfosser, unpublished data).

Urgineoideae clade. Obscure relationships sim-
tlar to those in Ormithogaloideae also exist in the
large subfamily Urgineoideae, with Bowiea provid-
ing a historic example. Takhtajan (1997) ques-
tioned 1ts position in Hyacinthaceae, concluding
that this genus probably should be included some-
where else. However, it appears clear now from Fig-
ure 1 that Bowiea has to be included in subfamily
Urgineoideae after misplacement in Asphodelo-
ideae—Eriosperminae (Engler, 1887) and in Lih-
aceae—Bowieae (Hutchinson, 1934). Even more
problematic 1s the taxonomic history of Mediterra-
nean squill. This old medicinal plant was first treat-
ed as Scilla maritima (Linnaeus, 1753), then as
Urginea marittma aggregate (Steinheil, 1834), later
separated from Urginea as Squilla (Steinheil,
1836). It has even been included 1n Drimia (Jessop,

1977; Stearn, 1978; Stedje, 1987). Both Speta
(1998a) and Steinheil (1836) were convinced of an
independent status of the Urginea maritima rela-
tionship, which consequently led to the introduc-
tion of the genus Charybdis (Speta, 1998a). In Fig-
ure 1, the Mediterranean squills are at least in the
vicinity of a true member of Urginea (U. undulata
(Dest.) Steinh.). The number of species investigated
in this clade 1s not sufficient to lead to an adequate
description of this subfamily; however, the results
thus obtained do provide valuable anchor points for
additional sampling.
Oziroeoideae clade.
acinthoideae contains the South American genus
Oziroé |= Fortunatia] and occupies an isolated bas-
al position in Hyacinthaceae. This indicates an an-
cient split between Old World and New World taxa,
resulting in two independent evolutionary lineages.
If there are direct relatives to Oziroé existing some-
where in Africa, they remain to be found.
Outgroup. Enough evidence has accumulated
to demonstrate that the North American genera Ca-
massia and Chlorogalum can no longer be included
in Hyacinthaceae (Figs. 2, 5). Our trnL and trnF
sequence data, rbcl. sequence data (Fay & Chase,

The last subfamily in Hy-
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1996; Chase et al., 1995), as well as serological
data (Cupov & Kutjavina, 1981), all point to a re-
lationship of these genera to Agavaceae, Funki-
aceae, and Anthericaceae and not to Hyacintha-
ceae. Recognizing these genera as a separate family
Camassiaceae as proposed by Cupov (1994) should
await evaluation of all available data. For now we
concur, since this proposal offers the most appro-
priate perspective on these genera. At least Hosta,
Camassia, and Chlorogalum share a bimodal kar-
yotype typical for Agavaceae. However, Agavaceae
represent a paraphyletic assemblage in their pres-
ent circumscription as suggested by nuclear ITS
sequence data (Bogler & Simpson, 1996). Recently,
now that increasing rbcl. data has accumulated and
been phylogenetically evaluated, major rearrange-
ments among the Liliaceae sensu lato, Antherica-
ceae, and other monocot families have been at-
tempted. Kubitzki (1998) tried to incorporate
molecular information in his treatment of monocots
in volume III of his The Families and Genera of
Vascular Plants. Chase et al. (1996) previously not-
ed that Amaryllidaceae, Alliaceae, and Lomandra-
ceae are probably sister families to Hyacinthaceae.
Moreover, Themidaceae have been shown to be in
close vicinity to the Hyacinthaceae (Fay & Chase,
1996), a view supported also from trnl. and trnF
data (Fig. 2). Since the position of Chlorogalum and
Camassia also had to be investigated, we included
a few less well-known potential relatives in our
analysis. Somewhat surprising in our analysis is the
position of the family Amaryllidaceae, which 1s sis-
ter to a clade combining Hemerocallis and Doryan-
thes and Blandfordia. Since an atfinity of Doryan-
thaceae to Phormiaceae was suggested (Dahlgren et
al., 1985), and the Hemerocallidaceae were re-
cently coalesced with Phormiaceae and are no lon-
ger monogeneric (Clifford et al., 1998), this clade
becomes more understandable. Although bound by
relatively long branches (Fig. 5), Doryanthes and
Blandfordia, both monotypic for their respective
families (Dahlgren et al., 1985), combine in one
clade (100% bootstrap support in Fig. 2). Adjacent
to this clade, Arthropodium, Thysanotus, and Eus-
trephus also combine (100% bootstrap support in
Fig. 2). Support for this comes from rbel. sequence
data (Chase et al., 1996; Conran, 1998b), with
these species combined under Lomandraceae.
Deep branching points of all subfamilies except
Hyacinthoideae are characterized by long branches
of 21 steps (Ornithogaloideae), 17 steps (Urgineo-
ideae), and 20 steps (Oziroeoideae), indicating a
high number of nucleotide changes before specia-
tion within the subfamilies occurred (Fig. 4). This
could either suggest that the nucleotide substitution

rate 1n this family was higher during a primary ra-
diation than subsequent ones, or that sampling bias
occurred because of extinction events, or that pri-
mary radiation occurred slowly. The presence of a
few isolated genera like Brimeura, Barnardia, Mer-
willa, and Bowiea at basal positions in some sub-
families, however, could suggest extinction events.
[f other basal genera still exist, then they probably
will be found among the Urgineoideae or Ornitho-
galoideae 1n South Africa or Madagascar.

Most genera in this analysis grouping together
also show a sympatric occurrence. While true for
Hyacintheae or Massonieae in general, Galtonia
and Zahariadia from eastern South Africa are also
sympatric (Obermeyer, 1978; Hilliard & Burtt,
1988), as are Tractema, Oncostema, Brimeura, and
Hyacinthoides from the western Mediterranean, as
well as outgroup genera like Blandfordia and Dor-
yanthes. Similarly, that molecular data reflect sym-
patric relationships was already noted for Crinum
species (Fangan & Nordal, 1993). This in turn sug-
gests that environmental influences leading to con-
vergent evolution or reversals of morphological
characters after species migration should be cau-
tiously re-examined with respect to systematic re-
search. To address this, it would be necessary to
evaluate morphological characters that are not or
only to a small extent influenced by environmental
constraints. It 1s still not clear if molecular data,
especially noncoding DNA regions, are absolutely
free of biases resulting from convergent evolution,
which could inflate the significance of the analysis.
Recently, it has been shown that even noncoding
DNA, free of functional constraints, still can show
convergent evolution due to specific sequence mo-
tifs, which can lead to preferred sites of mutations
(Morton, 1995). It should also be noted that the
most advanced positions in each clade are gener-
ally occupied by genera containing numerous spe-
cies (Fessia, Scilla, Hyacinthoides, Drimiopsis and
Ledebouria, Ornithogalum, Dipcadi, Charybdis), in-
dicating a process of active evolution. Conversely,
basal positions of clades usually contain genera
with only a few species in relic areas like Bowiea
in southern and eastern Africa, Galtonia and Za-
hartadia in eastern South Africa, Pseudogaltonia
in western South Africa, Merwilla in South Africa,
Chouardia in the Dalmatian region, Nectaroscilla in
the eastern Mediterranean, and Brimeura in the
western Mediterranean. Exceptions to this trend
are: (1) the large genus Lachenalia, with a rather
confined radiation south of the Sahara; and (2) Bar-
nardia, a basal genus with a huge disjunct distri-
bution extending from northwest Africa to southeast
Asia. Alternately, Barnardia could be viewed as the



Volume 86, Number 4
1999

only extant genus of a largely extinct clade, as in-
dicated by its isolated basal position in subfamily
Hyacinthoideae.

Involvement of species from South Africa, South
America, and Madagascar in the basal branchings
of subtamilies and tribes 1s indicative of southern,
Gondwanic, origin of the Hyacinthaceae. Direct mi-
gration between South America, Africa, Madagas-
car, and India was possible until the mid Creta-
ceous (ca. 100 m.y. BP). Similar radiation patterns
are known elsewhere, such as fossil evidence for
sauropods 1n the Upper Cretaceous of Madagascar,
with the genus Laplatasaurus reported in India and
Madagascar, as well as South America (Chang,

1973). Since there 1s no evident relationship of

North American Chlorogalum and Camassia spe-
cies to the Hyacinthaceae, species diversification
or migration to different continents perhaps did not
start before Laurasia and Gondwanaland were sep-
arated 1n early Cretaceous. At this time, South
America was still connected to Africa, but no land
bridge existed between South and North America.
Species distribution within Massonieae in Africa
only south of the Sahara, and in the Indian sub-
continent (Ledebouria, Drimiopstis), further suggests
that diversification occurred when India was still
connected to southern Africa, not only via species
migration to northern Africa and Eurasia. The dis-
tribution pattern of members of the tribe Hyacin-
theae in the Mediterranean region and in Eurasia.
but not in North America, suggests that diversihi-
cation in this tribe began later, when North Amer-
ica was already clearly separated from Eurasia. The
appearance of Barnardia at the most basal position
of Hyacintheae indicates an early origin of evolu-
tion for this genus, making 1t a candidate for first
colonization of the Mediterranean region. Its con-
tinental distribution from north Africa to east Asia,
even to Japan, is a typical radiation pattern for an

old taxon. This would explain why no members of

the Hyacinthaceae are found in North America, al-
though climatic conditions are suitable. An unre-
lated origin of the Camassiaceae apart from the Hy-
acinthaceae moreover avoids such an unusual
disjunction between the Camassiaceae, endemic to
North America, and monotypic Oziroé in Chile.
Similarily, the paradox of range disjunction be-
tween Alliaceae and Brodiaeae in North America,
yet the rest of the Alliaceae being mainly South
American, was recently elucidated by the phylo-
genetic positioning of Brodiaeae apart from Alli-
aceae. To retain a monophyletic Alliaceae, the fam-
ily Themidaceae was resurrected for this tribe (Fay
& Chase, 1996). For the entire order Asparagales,

West Gondwanaland most likely was the primary
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site of evolution. Family members close to Aspho-
delaceae and Phormiaceae seem to have reached
Australasia early, whereas elements related to As-
paragaceae, Asphodelaceae, and Amaryllidaceae—
Hemerocallidaceae suggest old connections be-
tween Africa and South America. The Agavaceae
alliance of subhumid and and regions of North
America presumably represent an ancient Laura-
sitan group (Raven & Axelrod, 1974). Similar in-
terfamilial relationships have already been pro-
posed by Fay and Chase (1996). The Alliaceae
alliance, which in their study shows affinities to
Amaryllidaceae, has been excluded in our analysis
since their sequences are too divergent due to mas-
sive deletions and rearrangements in the trnl. and
trnk regions: their inclusion would have inflated the
phylogenetic signal in the calculations (data not
shown).

For no plant family is 1t more true than for Hy-
acinthaceae that the interpretation of single mor-
phological characters resulted in highly erratic
classifications when delineating tribal and subfam-
thial relationships. No character, from bulb mor-
phology to pistils or seeds, or even karyological
data, has proved to be reliable. Therefore, it was
necessary to assemble all available information for
proper classification. Four subfamilies were best
distinguished by their secondary metabolites and
by the presence or absence of nuclear protein crys-
tals. Assessment of relationships based on molec-
ular data ofters the considerable advantage that a
priori biases of relative character value are largely
avoided. Comparing groups at generic and higher
hierarchical levels as classified by Speta (1998a, b)
with cladistic analysis of molecular data was clearly
warranted. It was more than a surprise when se-
quence data confirmed not only the higher-level
classihication but also most generic groupings. Out-
side of Scilleae, only Bowiea and Schizobasis had
to be included in Hyacinthaceae, and exclusion of
Camassiaceae finally resulted in a monophyletic
family Hyacinthaceae. The Hyacinthaceae obvious-
ly represent the final products of a lineage showing
affinities to Themidaceae, Anthericaceae, and
Amaryllidaceae. This cladistic analysis results in
significant progress in the splitting of the Linnaean
genera Scilla and Hyacinthus into more homoge-
neous genera. Ornithogalum and some complexes
within Urgineoideae still await further taxonomic
resolution. However, the molecular data presented
here serve as valuable starting points toward iden-
tifying critical taxa or for the evaluation of addi-
tional nonmolecular characters.
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